Purpose: Methionine (Met) could be a useful imaging biomarker for the diagnosis of hepatocellular carcinoma (HCC), as demonstrated by PET imaging with L-[methyl-11 C]-Met. In HCC cells, protein synthesis mainly contributes to radiopharmaceutical uptake. In contrast, lipid synthesis via the phosphatidylethanolamine (PE) methylation pathway is the major metabolic route of L-[methyl-11 C]-Met in normal hepatocytes, which contributes to the background contrast observed in PET images. However, the mechanisms of amino acid transport and the roles of the two key enzymes, methionine adenosyltransferase (MAT) and phosphatidylethanolamine Nmethyltransferase (PEMT), are not yet completely understood. The aim of this study was to investigate the roles of the amino acid transporters and these two key enzymes in the uptake of
Introduction
A bnormal tumor cell metabolism and molecular mechanisms are closely interrelated [1] . Malignant transformation in hepatocellular carcinoma (HCC) induced by various oncogenes or loss of tumor-suppressor genes may result in quantitative and qualitative alterations of radiolabeled methionine (Met) uptake and metabolism. The tumor environment may also cause specific changes of cellular metabolism that affect the uptake of Met.
Our previous study [2] demonstrated that the major metabolic fates of L-[methyl-
11 C]-Met in HCC cells are protein synthesis and, to a lesser degree, lipid synthesis via the phosphatidylethanolamine (PE) methylation pathway ( Fig. 1.) . However, in the PE methylation pathway, the conversion from the water-soluble phase to lipid phase occurred slowly even when protein synthesis was blocked [2] , suggesting that phosphatidylethanolamine-N-methyltransferase (PEMT)-mediated conversion of Sadenosylmethionine (SAM) to lipids is highly regulated in HCC cells. In contrast, lipid synthesis was the predominant metabolism in primary hepatocytes, and lipids (phosphatidylcholine (PC), phosphatidylmonomethylethanolamine (PMME), and phosphatidyldimethylethanolamine (PDME)) contributed to the background contrast shown in the PET images of HCC using L-[methyl-
11 C]-Met as probe [2] . These findings suggest that the amino acid transporter and two key enzymes of the Met metabolic process, methionine adenosyltransferase (MAT) and PEMT, may influence the incorporation patterns of L-[methyl-
11 C]-Met into tumor cells. However, the mechanisms of these intracellular factors responsible for the radiolabeled Met uptake in HCC cells are not yet completely understood. A thorough investigation of how these factors function in the various metabolic fates of Met will help to better understand the intracellular handling of radiolabeled Met in HCC cells and facilitate the development of new diagnostic and therapeutic strategies.
The aim of this study was to investigate the mechanisms of amino acid transporters and the two key enzymes of PE methylation pathway, MAT 
Materials and Methods

Materials
L-amino Acid Transporter Assay in WCH17 Cells In vitro
The L-amino acid transporter assay followed a procedure described previously with modification [3, 4] . In Brief, WCH17 cells were cultured (3×10 5 cells/24-well plate) in 1-ml DMEM supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin-streptomycin solution in a 10 % CO 2 -humidified atmosphere at 37°C. The assay was initiated with the replacement of culture medium with uptake medium (20-mM HEPES/Tris buffer, pH 7.4, 141 mM NaCl, 4 mM KCl, 2.8 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM glucose). Cells were incubated with L-Met at concentrations ranging from 5 to 2,000 μM (containing 1.54 KBq L-[methyl- 14 C]-Met per well) at 37°C for 1 min. The uptake medium was removed, and the cells were washed three times with ice-cold phosphate-buffered saline (PBS) and scraped for scintillation counting. To examine the transporter's dependence on sodium, experiments were repeated using HBSS uptake medium containing 141 mM choline chloride instead of 141 mM NaCl.
Experiments were also performed with specific competitive inhibitors of three amino acid transporter systems (2-amino-2-norbonanecarboxylic acid (BCH) for system L, α -(methylamino)isobutyric acid (MeAIB) for system A, and serine for system ASC (a transport system with a strong preference for alanine, serine, and cysteine [5] )); each inhibitor was administered at concentrations of 1.5 and 15 μM, respectively. The effects of the metabolic inhibitors ouabain and 2,4-dinitrophenol on the Met transporter were also investigated; each metabolic inhibitor was administered at a concentration of 0.1 and 1 mM, respectively. Ouabain was used to determine the sensitivity of Met transport rates to the Na + /K + -dependent adenosine triphosphatase (ATPase), while the oxidative phosphorylation uncoupler 2,4-dinitrophenol was used to inhibit the production of cellular adenosine triphosphate (ATP).
From these transporter assays, the uptake rate was determined by fitting the nonlinear least-square curve [6] :
where [S] (μM) is the Met concentration, V max (nmol/mg protein/ min) and K M (μM) are the Michaelis-Menten constants for maximal transport velocity and concentration at half-maximal velocity, respectively.
WCH17 Cells Treatment with SAM
SAM and its metabolite methylthioadenosine (MTA) can be used to inhibit growth of hepatoma cells via lowering the expression of MAT2A [7] [8] [9] . The optimized experimental conditions were recommended by Dr. Shelly C. Lu from the University of Southern California [9] . Before treatment with SAM, WCH17 cells were cultured in a medium with 0. 
DNA Flow Cytometry
WCH17 cells (5×10 5 ) were cultured in T25 culture flasks for 24 h and then treated with 5 mM SAM for 8, 16, 24, 48, and 72 h, respectively. Nontreated WCH17 cells were used as control. After incubation, the cells were trypsinized, washed with PBS, and centrifuged at 1,200×g at 4°C for 5 min. The resultant pellet was washed with 2 ml of 1 % BSA/PBS and centrifuged again at 1,200×g at 4°C for 5 min to remove supernatant. The pellet was resuspended in 100 μl 0.9 % NaCl and fixed overnight in 1 ml 100 % methanol at −20°C. Fixed cells were washed twice with 1 % BSA/PBS (containing 50 % Triton X-100 solution for the second washing), resuspended in 0.5 ml of 1 % BSA/PBS (containing 0.05 mg/ml RNase A) at room temperature for 30 min. DNA-binding propidium iodide (PI) solution (100 μl, 10 mg/ml in PBS) was added into cell suspensions, and 0.4-ml sample was analyzed with an EPICS-XL MCL flow cytometer (Beckman Coulter, Miami, FL). Cell cycle, sub-G1, and apoptotic cells were analyzed using FlowJo software.
Pulse-Chase Study
To mimic in vivo conditions, pulse-chase experiments described previously were used to track the transient change of the intracellular metabolites derived from radiolabeled Met [2] . Pulsechase experiments were conducted on WCH17 cells treated with SAM or with vehicle control for 8 and 16 h. The intracellular distributions of radioactivity in water-soluble, lipid-soluble, DNA, RNA, and protein phases at different chase periods (0, 10, 25, 40, and 55 min) were determined as reported previously [2, 10] .
Fig. 1. Metabolism of L-[methyl-
11 C]methionine. Met methionine, SAM S-adenosylmethionine, SAH S-adenosylhomocysteine, PMME phosphatidylmonomethylethanolamine, PDME phosphatidyldimethylethanolamine, PE phosphatidylethanolamine, PC phosphatidylcholine, MAT methionine adenosyltransferase, PEMT phosphatidylethanolamine N-methyltransferase, LAT Lamino acid transporter. In the water-soluble phase, the major radiolabeled metabolites include MET and SAM. In the lipidsoluble phase, the major radiolabeled metabolites include PMME, PDME, and PC.
Establishment of Hepatoma Cell Lines that Express Liver PEMT2
To investigate the role of PEMT2 in the metabolism of L-[methyl-
3 H]-Met in HCC, WCH17 cells were transfected with a plasmid expressing mPEMT2 (a kind gift from Dr. Dennis E Vance at University of Alberta) [11] . The plasmid were constructed by fusing the mPEMT2 complementary DNA (cDNA) to the 3′ end of the constitutive cytomegalovirus (CMV) promoter. The plasmid was extracted from the filter paper sent from the laboratory of Dr. Vance by rehydrating a punched circle in TE buffer for 1 h with occasional vortexing. The extracted DNA was transformed into a competent cell (DH5a), and 250 μl of transformed competent cells was plated onto a prewarmed LA plate and allowed to incubate overnight at 37°C. Selected colonies were grown in 5-10-ml LB medium for 8-12 h until the solution became turbid. DNA was extracted using a QIAprep® Spin Miniprep Kit (Qiagen, Valencia, CA), and the DNA sequence was verified by enzymatic digestion with Xho1/Xba1 followed by electrophoresis, which generated añ 600-bp insert. DNA purified with a Qiagen plasmid Giga kit H-PDME) incorporated from 3 H-SAM were extracted and measured based on the procedure reported previously [2] . 1)). c Inhibition of L-amino acid transporter by different inhibitors: inhibitors for amino acid transporter system L (BCH), for system A (MeAIB), and for system ASC (L-serine); inhibitor for Na/K-dependent adenosine triphosphatase (ouabain), and inhibitor for cellular adenosine triphosphate (2,4-dinitrophenol) . %Uptake equals to the total uptake in that particular inhibition condition divided by the total uptake in the control condition (noninhibition). *pG0.05 versus control. Solid lines indicate significant differences between the two groups (pG0.05).
Pulse-Chase Study on WCH17 Cells Transfected with mPEMT2
WCH17 cells transfected with mPEMT2 or transfected with vehicles were treated or untreated with 500 μg/ml cycloheximide, a protein synthesis inhibitor, for 2 h [12] [13] [14] [15] . Cells were then used in pulsechase experiments with L-[methyl- 
Statistical Analysis
Each in vitro experiment was carried out in triplicate, and the results are reported as average±standard deviation. The data were compared using one-way analysis of variance (ANOVA) or ANOVA on ranks, when appropriate. All pairwise multiple comparison procedures used Tukey's honestly significant difference test. Differences were regarded as statistically significant for pG0.05.
Results
Transport of Methionine in HCC Cells
In our imaging study (unpublished data), following intravenous injection of L-[methyl-
11 C]-Met in vivo, HCC regions in the woodchuck model displayed a rapid increase in tracer uptake compared with the surrounding hepatic tissues. This finding suggested that the amino acid transporter systems in the regions of HCC could be a rate-limiting step of L-[methyl-
11 C]-Met uptake, thus motivating the specific characterization of Met transport in HCC cells. The L-amino acid transporter in WCH17 cells had a low estimated affinity for the uptake of L-Met (K M =723.1±130.1 μM) when sodium was present; however, in the absence of sodium, the K M increased to 2326±528.9 μM, suggesting that the uptake mechanism in WCH17 cells was sodium dependent (Fig. 2a vs b) . Moreover, the facilitative Met transport pattern seems to change in the absence of sodium. There were no significant differences in V max value between culture media that contained sodium and sodium-free culture media.
To characterize the specificity of competitive inhibitors of the radiolabeled L-Met transport system, BCH, MeAIB, and serine were used to inhibit the main transport systems L, A, and ASC, respectively. It appeared that most L-Met uptake in HCC cells was driven by systems L and ASC. Inhibition by BCH significantly reduced the uptake of Met by 50 % (1.5 μM BCH) and 80 % (15 μM BCH) (pG0.05; Fig. 2c ). MeAIB had no significant effect on the uptake of L-Met, which excluded system A-type transport from having a significant role on L-Met uptake in HCC cells. Serine also caused a significant reduction in L-Met uptake (pG0.05).
The inhibitory effects of ouabain (0.1 and 1 mM) and of 2,4-dinitrophenol (0.1 and 1 mM) on L-amino acid transport in WCH17 cells were also evaluated (Fig. 2c) . Both ouabain and 2,4-dinitrophenol exhibited a significant impact on Lamino acid transport (all pG0.05). Moreover, a significant difference existed between the inhibitory effects of low and high concentrations of 2,4-dinitrophenol (pG0.05). In addition, a reduction in Na + /K + -dependent ATPase activity by ouabain also resulted in a concentration-dependent decrease in Met uptake and metabolism.
Cell Viability and Caspase-3/7 Activities in SAM Treated WCH17 Cells Figure 3a shows the viability of WCH17 cells treated with SAM. The number of viable WCH17 cells significantly decreased after the 16-h treatment with 0.5 mM SAM (pG 0.05). Caspase-3/7 activities in WCH17 cells treated with SAM were significantly increased after the 24-h treatment (Fig. 3b) , suggesting that more apoptotic WCH17 cells started to stimulate caspase-3/7 activities. 
Cell Cycle Distribution of WCH17 Cells in 5-mM SAM-Treated WCH17 Cells
To determine the effect of SAM on apoptosis, WCH17 cells treated with 5 mM SAM at different time periods were examined by flow cytometry (Fig. 4) . The apoptosis induced by SAM in cells is followed time dependent. The data show that the sub-G1 peak (apoptotic peak) after the 8-h treatment was significantly higher than that of control cells. (Fig. 5) . Two major metabolic pathways in HCC cells, both the water-soluble phase (PE methylation pathway via MAT) and protein phase, show reduced radioactivity over time (Fig. 5) 
H-lipids
The DNA sequence of the PEMT2 expression plasmid was verified by enzymatic digestion with Xho1/Xba1 followed by electrophoresis, which generated an~600-bp insert (Fig. 6a) . The expression of PEMT2 in WCH17 cells was validated via incubating the cells with the substrate of PEMT2 and 3 H-SAM (Fig. 6b) . The rat hepatocytes showed a strong endogenous PEMT activity, significantly converting 3 H-SAM to 3 H-lipids (pG0.05; Fig. 6b ). WCH17 cells transfected by vehicles without the mPEMT2 cDNA insert (control) had negligible PEMT activity. The WCH17 cells transfected with the mPEMT2 expression vector showed a significantly higher PEMT activity compared with the control (pG0.05; Fig. 6b ).
Effect of PEMT2 on the L-[methyl-3 H]-Met Metabolism
The WCH17 cells transfected with the mPEMT2 expression vector produced a significantly higher amount of 3 H-lipids (PC, PMME, PDME) than the cells transfected with the empty vectors (pG0.05; Fig. 7 ). In addition, a significantly higher amount of 3 H-lipids in the WCH17 cells transfected with the mPEMT2 expression vector was generated after following treatment with cycloheximide (blocking protein synthesis) as compared with cells that were not treated with cycloheximide (pG0.05).
Discussion
Amino acid transport is generally enhanced in malignant transformation [16] [17] [18] . Translocation across the hepatocyte plasma membrane could be the rate-limiting step in the metabolism of L-[methyl-
11 C]-Met. Two types of Na + -independent systems for neutral amino acid transport exist in hepatocytes [19] . System L1 is a high affinity, low capacity agency with estimated K m values of less than 200 μM, whereas system L2 is a low affinity, high capacity system with estimated K m values between 2 and 5 mM [19] . In this study, the K m value of the L-amino acid transporter for L-Met uptake in WCH17 cells fell between those for system L1 and system L2, in addition to being Na + -dependent. Moreover, the Met transport processes in WCH17 cells can be inhibited by two Na + /K + -dependent ATPase-related inhibitors, ouabain, and 2,4-dinitrophenol. The combined evidence suggested that Met transport in WCH17 cells might be partially energy dependent. And, in HCC cells, uptake of L-Met was found to be mediated mainly by systems L and ASC.
MAT and PEMT are two key enzymes responsible for the PE methylation pathway in HCC cells (Fig. 1) . After transportation into the cells, Met can either be incorporated in protein synthesis or be converted to SAM with the catalysis of MAT. SAM can further enter PE methylation pathway, with the catalysis of PEMT. SAM reacts with PE to form S-adenosylhomocysteine (SAH), PMME, and PDME; SAH can decompose back to Met, while PMME and PDME can immediately convert to PC. Abnormal MAT and PEMT expression in HCC cells may partly suggest a Mammals express three MAT isoenzymes (MATI, MATII, and MATIII), which are the products of MAT1A and MAT2A genes [7] . In human HCC, MAT1A expression is silenced, whereas MAT2A expression is induced [20] . This switch in MAT gene expression provides a growth advantage to the liver cancer cells [8] . Overexpression of MAT2A may be implicated as a predictive marker for early detection and/or treatment assessment of HCC [7] . SAM and its metabolite MTA can be used to inhibit growth of hepatoma cells via lowering the expression of MAT2A [7] [8] [9] . In this study, we found that the downregulation MAT2A expression through SAM treatment led to a corresponding reduction of L-[methyl- PEMT is another key enzyme in the PE methylation pathway. An isoform, PEMT2 has a specific role in regulating hepatoma cell division [21] . Vance DE et al. revealed that expression of PEMT2 caused a slower cell division of cultured rat hepatoma cells [21] , and PEMT2 is believed to be a liver-specific tumor suppressor [22] . In this study, we used an mPEMT2 to transfect the HCC cells. We found that the expression of PEMT2 causes an increased incorporation of L-[methyl-
3 H]-Met into PC compared with untreated HCC cells. This indicates that the rate of PC incorporation from L-[methyl-
3 H]-Met is low in HCC cells because of a lack of PEMT2 activity. In contrast, the predominant metabolism of L-[methyl-
3 H]-Met in normal hepatocytes exclusively pointed to PC synthesis in our previous study [2] . Therefore, the different PEMT2 activities may be partly attributed to the different metabolic pathways of L-[methyl-
3 H]-Met between HCC cells and normal hepatocytes.
The major pathway for the biosynthesis of PC in mammals is via the CDP-choline pathway. An alternative pathway that is largely liver specific is the PE methylation pathway, i.e., the conversion of PE to PC catalyzed by PEMT. PC derived from the CDP-choline pathway has an unknown function in DNA replication and cell division [11, 21] . Alternatively, the PC species made via PEMT2 might in some unknown fashion inhibit hepatocyte cell division [11, 21] . From this metabolic context, the switch from PC synthesis to protein synthesis pathway derived from L-[methyl-
3 H]-Met in WCH17 cells may represent a metabolic adaption for the carcinogenesis of HCC. This would also provide a surrogate endpoint derived specifically from the L-[methyl-
3 H]-Met pathway in HCC that could be employed in PET imaging to detect early, physiologic changes in the HCC tumor and enable switching from ineffective therapies in real time.
An understanding of the properties of HCC cells with L-[methyl-
11 C]-Met PET imaging, including specific gene expression and metabolic status, is necessary to develop novel early detection methods and/or assessment methods for treatment efficacy via targeting of the specific genes in the L-[methyl-
11 C]-Met pathway such as MAT2A and PEMT2. In this study, we found that the uptake of L-[methyl-
11 C]-Met partially reflects MAT2A expression in HCC cells and that predominant metabolism of L-[methyl-11 C]-Met is partially related to the activity of PEMT2 in HCC cells. However, these findings are still limited to in vitro conditions. The intratumoral heterogeneity was not considered in this study. To further understand the PET images of HCC using L-[methyl-
11 C]-Met, detailed information, such as the effect of microenvironment on the metabolic fate of L-[methyl- 11 C]-Met in vivo and on the levels of MAT2A and PEMT2 in intact tumors, will be obtained in the future study.
Conclusion
Met was transported into HCC cells via a facilitative transport process, which was characterized by systems L and ASC-like pattern, Na + dependence, low affinity, and partial energy dependence. The facilitative transport process may contribute to rapid uptake of radiolabeled Met in regions of HCC. 
